Fine particulate air pollutants, mainly their organic fraction, have been demonstrated to be associated with cardiovascular and respiratory health problems. Puerto Rico has been reported to have the highest prevalence of pulmonary diseases (e.g., asthma) in the United States. The aim of this study was to assess, for the first time, the immunological response of human bronchial epithelial cells (BEAS-2B) to organic extracts isolated from airborne particulate matter (PM 2.5 ) in Puerto Rico. Organic extracts from PM 2.5 collected throughout an 8-month period (2000)(2001) were pooled (composite) in order to perform chemical analysis and biological activity testing. BEAS-2B cells were exposed to PM 2.5 organic extract to assess cytotoxicity, levels of cytokines and relative gene expression of MHC-II, hPXR and CYP3A5. Our findings show that organic PM 2.5 consist of toxic as well as bioactive components that can regulate the secretion of cytokines in BEAS-2B, which could modulate inflammatory response in the lung. Trace element analyses confirmed the presence of metals in organic extracts highlighting the relative high abundance of Cu and Zn in polar organic extracts. Polar organic extracts exhibited dose-dependant toxicity and were found to significantly induce the release of interleukin 6 (IL-6), IL-1β and IL-7 while significantly inhibiting the secretion of IL-8, G-CSF and MCP-1. Moreover, MHC-II transcriptional activity was up-regulated after 24 h of exposure, whereas PXR and CYP3A5 were down-regulated. This research provides a new insight into the effects of PM 2.5 organic fractions on specific effectors and their possible role in the development of respiratory inflammatory diseases in Puerto Rico.
Introduction
Cardiovascular and respiratory illnesses related to air pollution have increased during the last few decades in the United States. Substantial evidence gathered through environmental and epidemiological studies show a strong association between fine particulate air pollution and health problems such as respiratory illnesses (e.g., respiratory track inflammation, asthma, acute bronchitis, and lung cancer) and cardiovascular disease mortality (Dockery et al., 1993; Delfino et al., 2005; Mehta et al., 2008) . The smaller the air particle, the greater is its association to human adverse health effects. Fine particle constituents including organic fraction components, biological materials, and transition metals all of which are factors suggested to cause or exacerbate these adverse cardiopulmonary health conditions (Delfino et al., 2005; Mauderly and Chow, 2008) .
Exposure to PM can induce airway inflammation giving rise to respiratory diseases as well as nasal damage (Molinelli et al., 2006; Thacker, 2006 ). An association between particulate matter with diameter ≤2.5 μm (PM 2.5 ) and ≤10 μm (PM 10 ) exposure, and the development of pulmonary inflammation through pro-inflammatory cytokine induction, has been well documented (Pope, 2000a; Pope, 2000b) . It is now known that cytokines can influence the airway inflammatory response and contribute to the development of lesions in respiratory diseases such as asthma and chronic obstructive pulmonary disease (COPD) Veranth et al., 2004) . Various chemokines and cytokines have been described as playing a Toxicology and Applied Pharmacology xxx (2010) xxx-xxx role in both initiating and controlling inflammation (Thacker, 2006) . Interleukin 1 (IL-1), interleukin 6 (IL-6), tumor necrosis factor-alpha (TNF-α), among other cytokines, are known to be related to inflammation in lung injury . Organic particles, such as those originating from diesel (PM 2.5 and PM 10 ), can enhance or stimulate the secretion of a number of cytokines in both rat and human airway epithelial cells (Kennedy et al., 1998; Kawasaki et al., 2001; Oudin and Pugin, 2002; Takano et al., 2002; Baulig et al., 2003) . In vitro studies using different PM 2.5 constituents, especially diesel exhaust particles (DEPs), have confirmed that PM can induce the production of pro-inflammatory cytokines (Veranth et al., 2004; Becker et al., 2005) . Studies conducted with soil-derived PM 2.5 particles from several locations in the western United States showed an increased secretion of IL-6 and IL-8, but not TNF-α in bronchial epithelial cells (BEAS-2B), which suggest intrinsic differences between ambient dust and relate these differences to cell death and cytokine release leading to airway inflammation (Veranth et al., 2004) .
The major histocompatibility complex (MHC), also known as the human leukocyte antigen (HLA), plays an essential role in immune function (Beck et al., 1999) . This gene family is divided into three subgroups or classes, with two main types of MHC gene products: MHC class I (MHC-I) and MHC class II (MHC-II) molecules (Trowsdale and Campbell, 1992) . Accumulating evidence suggests that epithelial cells can act as sentinels to inform other cells in the lung's mucosa of events occurring in the lumen and hence can actively participate in inflammatory/allergic processes. Epithelial cells, independent of their tissue of origin, can express increased levels of MHC-II during inflammation despite their constitutively low expression. MHC-II genes have been also identified as important determinants in pulmonary diseases caused by inorganic and organic compounds (Saltini et al., 1998) . Therefore, we have evaluated the response of MHC-II transcriptional activity as a result of PM 2.5 organic extract exposure.
The human pregnane X receptor (hPXR), which is a nuclear receptor, acts as a sensor for metabolism and disposition of a broad range of natural and synthetic endobiotics and xenobiotics in humans to prevent or reduce their toxic effects (Schote et al., 2007) . This nuclear receptor is involved in the induction mechanisms of the cytochrome P450 3A (CYP3A), which in turn is one of the most important xenobiotic and drug metabolizing enzymes in humans (Quattrochi and Guzelian, 2001 ). Many exogenous compounds can induce PXR as well as a number of PXR-targeted genes. The expression of CYP3A5 has been reported in human lungs (Raunio et al., 2005) , yet the expression pattern of CYP3A5 or PXR by organic components of PM 2.5 has not been evaluated nor have any report been made on the effects of PM 2.5 constituents.
Previous studies suggested that organic compounds in PM 10 from Puerto Rico (from an urban/industrialized site) played a major role in the cytotoxicity observed with bronchial epithelial cells (Reyes et al., 2000; Molinelli et al., 2006) , but did not explore the possible mechanism by which it occurred. High incidence of asthma in the Guaynabo area has been previously reported to be related with the proximity to some air pollution sources (Loyo-Berrios et al., 2007) and could also be related to high metal content as well as organic compounds found in fine particles (PM 2.5 ) (Figueroa et al., 2006) . The relative contribution of organic and inorganic constituents of these extracts to the immune response that can lead to inflammation and, consequently, pulmonary diseases still need to be elucidated. Here we evaluated the possible contribution of polar and non-polar extracts of PM 2.5 on cellular toxicity and the secretion of pro-inflammatory cytokines. Cytokine expression patterns in lung epithelial cells exposed to components of particulate air pollution have been previously reported (Ovrevik et al., 2009) . However, to the best of our knowledge, this is the first study that evaluates the response of airway epithelial cells to organic extracts in PM 2.5 from Puerto Rico, other than DEP. Here we evaluate the organic extracts obtained from PM 2.5 at two locations previously studied in Puerto Rico (Fig. 1) , and their ability to induce the secretion of cytokines in BEAS-2B. We provide new evidence that the polar organic constituents of PM 2.5 from an urban/industrialized site (Guaynabo) play a major role in cellular toxicity and mediate the increased release of the pro-inflammatory cytokines IL-6 and IL-1β, the transcriptional activation of MHC-II, and the suppression of genes involve in the metabolism of endobiotics and xenobiotics.
Materials and methods
Cell culture. The in vitro model used for the experiments was the SV40 large T antigen immortalized human bronchial epithelial cell line BEAS-2B, which is derived from normal human bronchial epithelium. BEAS-2B cells were purchased from ATCC (CRL-9609) and maintained with supplemented keratinocyte growth medium (KGM) bullet kit media (Lonza, Walkersville, MD). KGM is essentially keratinocyte basal medium (KBM) supplemented with human epidermal growth factor, insulin, hydrocortisone, calcium, bovine pituitary extract, and gentamicin sulfate amphotericin-B (GA-1000). The cells were grown at 37°C and 5% CO 2 , and fresh media were added every 2-3 days. Cells used for the experiments were between passages 46 and 49 from independent passages of cells that were grown from separate frozen stocks. For the experimental assays we used the KBM media with no supplements to avoid any effect of culture media on BEAS-2B cell response. All assays were performed at least in three separate wells with independent cell population (n = 3). Error bars in graphs represent the SE of each mean.
Site description. Airborne particulate matter (PM 2.5 ) samples were collected at two monitoring stations (Guaynabo and Fajardo) designated by the Puerto Rico Environmental Quality Board (PREQB). The northern Guaynabo station is located in an urban/ industrialized area at the Amelia ward of this municipality. This is a suburban location in the vicinity of a highly active commercial port zone. Some nearby facilities include two electrical power plants, a grain mill, an oil refinery (now closed, but active during the sampling period), a major commercial port characterized as a heavy truck trafficking zone and a major highway artery in the vicinity. The Fajardo station (consisting mainly of surrounding mangrove forest with light vehicle traffic) is located at the farthest northeast tip of the island designated as a natural reserve (Cabezas de San Juan lighthouse). The relative locations of these sites are illustrated in Fig. 1 .
Sampling procedure of PM 2.5 .
Teflon filters were used on a Fine Particulate Chemical Speciation Air Sampler (RAAS 2.5-400, Andersen Instruments, Inc., Franklin, MA) to capture PM 2.5 particles in a period of a year (November 2000 to September 2001). The airflow rate set on the instrument was 17 l/min. Each filter represents the material collected in a 72 h sampling period set to begin and end at midnight. The RAAS 2.5-400 monitors and records the ambient manifold and enclosure temperatures, barometric and pumps vacuum pressures, humidity, flow rates and volumes of each individual channel on the instrument. Teflon filters for PM 2.5 were weighed and conditioned at a temperature of 20-23 ± 2°C and a humidity of 40 ± 5%.
Particulate matter organic extracts.
All PM 2.5 from filters were extracted by Soxhlet, based on EPA method 3540C (U.S. EPA, 1996) . The organic PM 2.5 were sequentially extracted using hexane as organic solvent for the non-polar fraction, followed by acetone in order to obtain the polar organic fractions. All filters from each month were combined, allowed to reflux for 24 h with 175 ml of hexane and then 24 h with 175 ml acetone. The recovered solvent was dried by means of rotor evaporation to approximately 1-2 ml and subsequently under a gentle stream of nitrogen. The vials with organic extracts were weighed and the content dissolved in dimethyl sulfoxide (DMSO) (Molinelli et al., 2006) . Organic PM 2.5 composites from organic extracts dissolved in DMSO, from each site, were then prepared from 8 months throughout a period of a year (November 2000 to September 2001, specifically November and December of 2000, and March, April, May, July, August and September of 2001), to be used for further in vitro analyses.
Chemical analysis. The samples were diluted up to 1 ml with nitric acid trace metal grade and stored in plastic vials and refrigerated until analysis. Trace element analysis was carried out using an inductively coupled plasma mass spectrometer (ICP-MS) 7500ce (Agilent Technologies), and EPA method 200.8. All samples were run in triplicates using Sc and Y as internals standards. The DMSO used as solvent was run as a method blank to correct from solvent contamination. To sustain a stable signal for analysis, the temperature of the spray chamber was set at 2°C.
Cytotoxicity.
Cell viability after the different exposures was determined using the neutral red uptake bioassay (NRB; Sigma, St Louis MO) on BEAS-2B after a 24-h exposure. Cells were seeded in a 96-wells plate at a density of approximately 25,000 cells/well. After 48 h (85-90% of confluence) cells were exposed to KBM media containing different concentrations of organic extract composites from PM 2.5 (1, 5, 10, 25, 50, and 100 μg/ml), lipopolysaccharides (10 μg/ml; LPS; Sigma, St Louis, MO), Triton-X 100 (25 μg/ml) used as a positive control, and KBM alone or KBM containing 0.1% (v/v) DMSO (as an organic extract carrier) as controls. The use of KBM alone as a control was to demonstrate no artifacts resulting from the DMSO on BEAS-2B cell response. After removal of the treatment media, cell media containing 100 μg/ml neutral red were added to each well with the exception of two blanks containing the appropriate media. Experiments were repeated at least twice to ensure reproducibility and statistical significance.
Treatment and quantification of human cytokines. BEAS-2B cells were plated for experiments in 24-wells plates at a cell density of 70,000 cells per well and maintained (media changed every 24 h) for 48 h until reaching 80-90% of cell confluence. The effects of organic extracts (polar or non-polar) from PM 2.5 were tested at concentrations of 1, 50, and 100 μg/ml of organic extract composite from PM 2.5 , 10 μg/ml LPS (positive control, Sigma), and KBM alone or containing 0.1% (v/v) DMSO as controls. The use of KBM alone as a control was to demonstrate no artifact resulting from the DMSO on BEAS-2B cell response. Cells were incubated in a total volume of 0.5 ml of media for 24 h before analyzing the supernatant for presence of cytokines. Cytokine/chemokine secretions were quantified in duplicates from each sample employing the Bio-Plex Human Cytokine 17-plex panel (Bio-Rad Lab., Inc.). The cytokines profile that was evaluated after exposure were interleukin-1 beta (IL-1β), IL-2, IL-4, IL-6, IL-8, IL-10, IL-5, IL-7, IL-12, IL-13, IL-17, granulocyte-monocyte colony stimulating factor (GM-CSF), interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α), granulocyte colony stimulating factor (G-CSF), macrophage chemotactic protein-1 (MCP-1; MCAF) and MIP-1β. The Bio-Plex Manager software (Bio-Rad Lab. Inc.) and the Beadlyte software (Upstate) were employed for the data analysis. Each treatment set was made in three separate wells with independent cell population (n = 3), repeated at least twice to ensure reproducibility and allow for statistical evaluation.
RNA extraction and relative real-time PCR. Total RNA was isolated from treated and untreated BEAS-2B human lung epithelial cells using TRIzol reagent as described by the manufacturer (Invitrogen Life Technology). Single-stranded cDNA from RNA samples were generated using SuperScript III First-Strand Synthesis SuperMix Kit (Invitrogen Life Technology), after Turbo DNase treatment (Ambion). Relative gene expression was determined by real-time semi-quantitative PCR in an iQ-cycler (Bio-Rad, Hercules, CA) using 1 μl of cDNA sample aliquot (100 ng of total mRNA) as a template with SYBR Green Super Mix (Molecular Probes, Leiden, The Netherlands). The quality of PCR product was monitored using post-PCR melt curve analysis at the end of the amplification cycles. The primers sets used for relative gene expression analysis were for HLA-DRα: sense 5′-gagtttgatgctccaagccctctccca-3′ and antisense 5′-cagaggccccctgcgttctgctgcaat-3′ as previously described (Beresford and Boss, 2001) ; for human PXR (NM_022002): sense 5′-aggagttgttcggcatcac-3′ and antisense 5′-ggcattgtcggctcttgg-3′; and for CYP3A5 as previously described (Nishimura et al., 2002) . GAPDH gene expression was used as the internal control being a housekeeping gene and analyzed in each experiment for normalization using the primers as previously described (Schote et al., 2007) . Relative fold inductions were calculated using the ΔΔC t formula (Schefe et al., 2006) . All real-time RT-PCR assays for relative gene expression were repeated at least three times in duplicates from independent total RNA samples for the same treatment conditions. Statistical analysis. Unpaired t-test or Student-Newman-Keuls multiple comparisons test and analysis of variance tests were used to evaluate statistical differences between sample concentrations. Seasonal and sampling sites differences were also evaluated. All statistical analyses were performed using the GraphPad InStat version 3.0 computer software package (GraphPad Software, Inc., San Diego, CA). Statistical significance was determined establishing a probability value of Pb 0.05.
Results

Levels of PM 2.5 collected from Fajardo and Guaynabo
Total monthly PM 2.5 concentration obtained at the urban site (Guaynabo) was greater than that from the rural site (Fajardo). The yearly average concentration of PM 2.5 (12-month period [2000] [2001] , collected at the urban site, was 11.6 μg/m 3 , which is 30% greater than that at the rural site (8.5 μg/m 3 ) . The average concentration of PM 2.5 collected at the urban/industrialized site (8-month composite) was 10.982 μg/m 3 , 40.06% (SEM ± 6.63%) higher than the rural site (7.890 μg/m 3 ) (Fig. 2) . Moreover, the average monthly differences of PM 2.5 for the year 2000 at the urban and rural sites were 4.598 and 3.845 μg/m 3 , respectively. The average monthly difference of PM 2.5 at the urban site was greater than the rural site, 5.309 μg/m 3 vs. 2.045 μg/m 3 , respectively.
Chemical analysis
Collection of sufficient PM 2.5 mass to conduct both the physicochemical characterization and biological assays has always been a limiting factor for this type of research. Although the small amount of material collected for this research, we were able to perform chemical analyses on PM 2.5 organic extracts to confirm the presence of vanadium (V), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), cadmium (Cd), and lead (Pb) from the extracts collected in both sites (Table 1 ). The polar organic extract (composite) from the urban site contained Cu and Zn in a concentration higher than the non-polar organic extracts from either the urban or the rural site. These trace metals are also found in polar organic extract from the rural site, but we were unable to quantify it due to the insufficient material (data not shown).
Toxicological analyses of organic extracts
Cytotoxicity assays using bronchial epithelial cells BEAS-2B exposed to urban polar organic extracts for 24 h revealed higher toxicity than the rural site (Figs. 3A and B) . The cytotoxicity begins around 25 μg/ml and with the greatest effect at 100 μg/ml. Conversely, the non-polar organic extracts from both sites showed no cytotoxicity at concentrations as high as 100 μg/ml (Figs. 3C and D) . These results demonstrate that the compounds responsible for cellular toxicity in the PM 2.5 are associated with the polar fraction of the urban organic extract collected during this period. The polar extract from the rural site only exhibited toxicity at the high concentration (100 μg/ml).
Cytokines/chemokines released by BEAS-2B cells in response to organic extracts from PM 2.5
Inflammatory responses in the lung have been observed after exposure to PM in both humans and animal studies (United States Environmental Protection Agency 2004). The cytokine secretion profile by immortalized human bronchial epithelial cells BEAS-2B exposed to organic extracts can provide information on the possible role of organic components in PM 2.5 on respiratory illnesses due to inflammation. The effects on cytokine release by human bronchial epithelial cells due to exposure with organic extracts from PM 2.5 collected at the urban and rural sites are summarized in Table 2 . Six major cytokines were released or suppressed by these cells after organic extract exposure; these were IL-6, IL-8, IL-1β, MCP-1 (MCAF), G-CSF and IL-7. The polar organic extract from PM 2.5 induced the secretion of IL-6, IL-1β and IL-7 in BEAS-2B. Conversely, the same extract repressed the secretion of IL-8, MCP-1 (MCAF) and G-CSF. The pro-inflammatory cytokine TNF-α was present in all samples, but its secretion did not change after extract exposure (data not shown).
The interleukin 6 (IL-6) cytokine was vastly secreted after treatment when compared to the control (5 fold increase), specifically with polar organic extract from the urban and the rural site at 50 and 100 μg/ml, respectively (Fig. 4A) . No cellular response to non-polar organic extract was observed at these concentrations from either site. Exposure to 100 μg/ml of the non-polar organic extracts from the urban site caused an increment of only 1.57 fold (SEM ± 0.13) in IL-6; while no significant change (1.13 fold, SEM ± 0.05) was observed with the rural extract (Fig. 4A) . These results were further confirmed at lower concentration of polar and non-polar organic extracts from the urban site during the month of July 2001 (Fig. 4D) .
The general effects on IL-8 cell secretion by polar and non-polar extracts from both sites were suppressive in nature. The greatest effect was observed at the highest concentration of 100 μg/ml (Fig.  4B ). This suppressive response was also confirmed at lower concentrations using extracts from the month of July 2001 (Fig. 4E) . In addition, significant inhibition of MCP-1 was obtained with both polar and non-polar organic extracts from either site (Fig. 4C) . Similar inhibition was detected at lower concentrations (0.01 μg/ml) of urban Table 1 Trace metals content within organic extracts from PM 2.5 collected in Puerto Rico. Trace metal concentrations (ng/ml) within polar and non-polar organic extracts from PM 2.5 collected at two different sites (Guaynabo and Fajardo) in Puerto Rico. Results from the by inductively coupled plasma mass spectrometer (ICP-MS) analysis were tabulated with its relative standard deviation (RSD). PM 2.5 samples V Ni (ng/ml) Cu (ng/ml) Zn (ng/ml) As (ng/ml) Cd (ng/ml) Pb (ng/ml) (Fig. 4F ). G-CSF secretion was also reduced in a dose-dependent manner upon exposure to polar organic extracts from either site ( Table 2 ). The absence of basal levels of IL-1β measured in our controls suggests that this pro-inflammatory cytokine is not secreted or is present at concentrations lower than 0.5 pg/ml (the detection limit for the assay employed). However, exposure to polar organic extracts from either site induced the release of IL-1β in a dose-dependent manner (Table 2) . Furthermore, an increment in IL-7 was also observed after treatment with polar organic extract from either site ( Table 2) .
Relative expression of HLA-DRα, hPXR and CYP3A5 mRNA levels after organic extract exposure Polar organic extracts at 50 μg/ml from either urban or rural site did not cause any significant change in HLA-DRα mRNA levels during the first 12 h of exposure (Fig. 5A) . However, a 4-fold induction of HLA-DRα mRNA levels was evident after 24 h of exposure with polar organic extracts (50 μg/ml) from the urban site (Fig. 5D) . Conversely, the same concentration of polar organic extract (from either site) significantly repressed the human PXR mRNA levels after 12 and 24 h (Figs. 5B and E). Concomitant down-regulation of CYP3A5 transcriptional activity correlated with the human PXR repression after exposure ( Fig. 5C and F ). However, basal transcriptional level of CYP3A5 was restored after 24 h of exposure to rural polar organic extracts, whereas a down-regulation was still observed after 24 h of exposure to the urban organic extracts (Fig. 5F ).
Discussion
The National Center for Environmental Health (United States Center for Disease Control) has reported that Puerto Rico has a higher overall prevalence of pulmonary diseases (e.g., asthma). A high incidence of asthma and other pulmonary illnesses have been Fig. 3 . Cytotoxicity of polar and non-polar extracts composites collected from Guaynabo and Fajardo in BEAS-2B cell line. Viability of BEAS-2B cells exposed to different concentrations of polar extract composites from (A) urban (Guaynabo) and (B) rural (Fajardo), and non-polar extract composites from (C) urban (Guaynabo) and (D) rural (Fajardo). Cell viability was determined using the Neutral Red Bioassay. Asterisks (⁎⁎⁎) indicate statistical significance at P b 0.001 and error bars illustrate the SE of the mean (n ≥ 5).
Table 2
Cytokine secretion by BEAS-2B cells after 24-h exposure with polar organic extracts from PM 2.5 collected in Puerto Rico. Cytokine concentrations (pg/ml) secreted by BEAS-2B cells treated with polar organic extracts from PM 2.5 collected at two different sites (Guaynabo and Fajardo) in Puerto Rico. Results are tabulated with the SE of the mean, considered statistically significant with P b 0.05 and illustrated when there is a positive (+) or a negative (−) secretion pattern in response to the exposure (n = 3).
Treatments
IL-6 (pg/ml) IL-8 (pg/ml) MCP-1 (MCAF) (pg/ml) IL-1β (pg/ml) G-CSF (pg/ml) IL-7 (pg/ml) 
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previously reported in Puerto Rico, especially in the surroundings of the urban/industrialized area located in Guaynabo (Loyo-Berrios et al., 2007) . Consistent with those reports, our group previously described that the polar organic extracts from PM 10 in Puerto Rico collected in the same urban site are more cytotoxic than its counterpart rural site (Reyes et al., 2000; Molinelli et al., 2006) . Fractionation of PM 2.5 into polar and non-polar organic extracts can increase the resolution of its toxicological characterization and association with health effects. Polar organic extracts from PM 2.5 obtained at the same urban site also showed significant cytotoxicity at 25 μg/ml, with greater effect at 100 μg/ml (Fig. 3) . These findings agree with other reports, which support the elevated associations between fine particulate air pollution and pulmonary/respiratory illnesses (Dockery et al., 1993; Reyes et This study investigates, for the first time, the ability of organic PM 2.5 extracts from urban/industrialized and rural/reference sites in Puerto Rico to exert immunological response in exposed human respiratory tract cells. Polar organic extracts from PM 2.5 collected in both sites contain components that induce the secretion of IL-6 and IL-1β in BEAS-2B cells. Although the bioactive organic components are endogenous to both sites, the response is amplified with the extracts from the urban site. IL-6 is a pro-inflammatory cytokine induced in response to environmental insults and plays an important role in acute inflammation in the lung (Thacker, 2006) . Our results correlate well with other findings where the activation of IL-6 transcription has been observed in response to exposure to organic extracts from diesel exhaust particles, which are probably the major component of PM 2.5 in urban areas (Baulig et al., 2003) . BEAS-2B cells exposed with soil- Fig. 4 . Relative secretion of IL-6, IL-8 and MCP-1 by BEAS-2B. Measurement of relative secretion of (A) IL-6, (B) IL-8, and (C) MCP-1 after 24-h exposure to polar and non-polar organic extracts composite from PM 2.5 collected at the urban/industrialized (Guaynabo) and rural (Fajardo) sites in Puerto Rico. Measurement of relative secretion of (D) IL-6, (E) IL-8, and (F) MCP-1 after 24-h exposure with polar and non-polar organic extracts from PM 2.5 collected at the urban/industrialized site (Guaynabo, July 2001). Numbers in parenthesis indicate n values. Considered statistically significant at P b 0.05 and error bars illustrate the SE of the mean (n ≥ 3).
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derived PM 2.5 from different sites within Utah, New Mexico and Texas, also showed a wide range of inductive potency to provoke the release of IL-6 and IL-8 (Veranth et al., 2006) . Conversely, our findings show that the IL-8 secretion is suppressed by the polar organic extract from the urban site, which can be explained with a possible regulation of other genes or proteins that may interfere with IL-8 secretion. Other studies conducted with total PM 2.5 from Mexico City showed that PM exposure induced the release of IL-6 and TNF-α in a monocytic cell line in a dose-dependent manner, which suggested that the observed toxicity could be mediated by transition metals (Osornio-Vargas et al.,
2003). Our exposures did not affect the low levels of TNF-α basal secretion, but the secretion of interleukin 8 (IL-8), MCP-1 (MCAF) and G-CSF cytokines in BEAS-2B cells were suppressed by both polar and non-polar organic extracts composite from PM 2.5 collected at both sites. The repressions of these cytokines may suggest that bronchial epithelial cells do not play a direct role in neutrophils and monocytes recruitment or in stimulating differentiation of granulocytes and neutrophils as an immune response to these organic extracts from Puerto Rico. IL-1β has been described as a potent pro-inflammatory cytokine and mediator of a wide range of systemic human diseases (Dinarello, 2005; Koh et al., 2005; Allantaz et al., 2007) . The polar organic extracts from PM 2.5 collected at both stations in Puerto Rico triggered IL-1β secretion by bronchial epithelial (BEAS-2B) cells in vitro. The combined presence of IL-6 and IL-1β suggests that IL-6 secretion could be a secondary event initiated by IL-1β, which can induce (Allantaz et al., 2007; Palmqvist et al., 2008) and give stability to IL-6 mRNA transcript (Patil and Kirkwood, 2007) . The secretion of IL-1β could also be considered as an early event in cardiovascular and respiratory illness due to its capacity to induce apoptosis, inhibit myofibroblasts differentiation and repress cell proliferation in rat lung fibroblast (Zhang and Phan, 1999) . VCAM-1 and ICAM-1 expression can be induced by IL-1 and IL-6 (Zambon et al., 2006) . High serum levels of ICAM-1 have been reported in inflammatory airway diseases, especially in bronchial asthma (Kose et al., 2007) .
The challenge still exists to obtain an adequate mass of material from PM 2.5 to allow for both physicochemical characterization and biological assays. We recognize that a limitation of this study is the scarcity of a full specific organic and metal data on the extracts being tested. However, data on PM 2.5 total mass and specific metals concentration in PM 2.5 collected simultaneously from these same sites are described elsewhere (Figueroa et al., 2006) . In previous studies we have characterized the trace elements in the polar and non-polar organic extracts from PM 10 during winter 2000; these are listed as As, V, Cd, Ni, Pb, Iron (Fe) and Cu (Molinelli et al., 2006) . The trace element analyses performed on PM 2.5 extracts confirm the presence of these elements highlighting the relative high abundance of Cu and Zn in the polar organic extracts suggesting a possible contribution of these elements to the observed biological effect. A previous report showed that BEAS-2B cells exposed to Cu responded with an increase in IL-6 and IL-8 secretions; however, mucin proteins in the mucosal airway surfaces can reduce this observed IL-8 secretion (Kennedy et al., 1998) . It has been reported that bronchial epithelial cell responses can vary depending on specific cell culture conditions including growth media. For example, BEAS-2B grown in KGM supplemented media can be more sensitive to induce IL-6 secretion in response to metals such as V, compared to LHC-9 media (Veranth et al., 2008) . Therefore, we emphasize that the cell responses described in our work were obtained using KBM media (without any additional growth supplement).
A recent study demonstrated small increases in transcription of IL-6 and IL-8 genes in BEAS-2B cells exposed to airborne PM 10 and PM 2.5 from various sites across El Paso, Texas, during the months of August/ September and October 2006, and January 2007 (Lauer et al., 2009) . These increases in IL-6 and IL-8 transcriptions did not correlate with the polycyclic aromatic hydrocarbon (PAH) content in the PM used for exposure. However, the presence and effect of PAHs in PM extracts used were evidenced by the induction of detoxification genes such as CYP1A1 and several oxidative stress markers (Lauer et al., 2009 ). Similar to these results with a semi-polar organic extracts obtained from PM, our work indicates that PM 2.5 polar extracts significantly increases IL-6 protein secretion in BEAS-2B cells; however, only a slight increase was observed in response to non-polar PM 2.5 extracts. Our research focused on the effects of the polar organic PM 2.5 extracts on other immune and detoxification genes (HLA-DRα, PXR and CYP3A5 mRNA levels) and excluded analyses of PAH. PAHs are volatile Relative mRNA levels of (A) HLA-DRα, (B) human PXR, and (C) CYP3A5 by means of two-step real-time relative qPCR in BEAS-2B bronchial epithelial cells after 12-h exposure with 50 μg/ml of polar organic extracts from PM 2.5 collected at the urban (Guaynabo) and rural (Fajardo) sites in Puerto Rico. Relative mRNA levels of (D) HLA-DRα, (E) human PXR, and (F) CYP3A5 after 24-h exposure with 50 μg/ml of polar organic extracts. Data normalized against GAPDH mRNA levels. Considered statistically significant at P b 0.05 and error bars illustrate the SE of the mean (n ≥ 3).
organics and a quantitative isolation was not considered in our extraction methods, limiting the possible extent of recovery; however, these are expected to appear in the non-polar organic extracts from PM 2.5 particularly at the urban site. To test the effects of individual or groups of inorganic and organic constituents in PM 2.5 from Puerto Rico was beyond the scope of our research. Our research, however, does provide evidence that polar organic extracts from PM 2.5 , particularly those from the urban site, can induce a series of pro-inflammatory cytokines.
MHC-II genes have been identified as important determinants of inflammation, especially in pulmonary diseases caused by the exposure to inorganic and organic compounds (Saltini et al., 1998) . Hence, HLA-DRα mRNA levels can serve as an inflammation determinant. Our results indicate that the polar organic extracts from the urban site possess a greater inductive ability to provoke an immunological response in human lung epithelial cells. Simultaneous with this pro-inflammatory response, the transcription of HLA-DRα was also up-regulated. This is the first time that this effect has been described with particulate matter specifically with PM 2.5 from Puerto Rico, and suggests that HLA-DRα expression in bronchial epithelial cell could be another determinant of pulmonary inflammation.
PXR is an orphan nuclear factor known to regulate the metabolisms of endogenous and exogenous organic compounds via the transcriptional induction of a myriad of genes including the CYP3A family among others. Activation of PXR can strongly induce the transcriptional activation of both CYP3A4 and CYP3A5 genes (Yeung et al., 2008) ; however, the predominant expression in the lung is CYP3A5 (Raunio et al., 2005) . This fact supports the use of PXR and CYP3A5 transcriptional level as measurement of xenobiotic metabolism pathway activation in the lung. To the best of our knowledge this is the first time that the effects of PM 2.5 extracts are investigated on PXR and CYP3A5 expression. The urban polar organic extracts of PM 2.5 were found to down-regulate PXR transcription while up-regulating MHC-II. Interestingly, the transcriptional down-regulation of hPXR and CYP3A5 had been previously reported in smoking patients (Thum et al., 2006) . Down-regulation of PXR and PXR-targeted genes in the intestine had been previously reported as a secondary effect of chronic inflammation (Zhou et al., 2006) . Activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) reciprocally inhibits PXR and its target genes by the disruption of the PXR/RXR heterodimers binding to its response element, whereas inhibition of NF-κB enhances PXR activity (Gu et al., 2006; Zhou et al., 2006) . These observations have not been reported to occur in lung, but can explain the induction of pro-inflammatory cytokines and concomitant repression of PXR and CYP3A5. The secretion of IL-1β and IL-6 suggests a possible activation of the NF-κB pathway in BEAS-2B cells after exposure to organic extract from PM 2.5 . The transcriptional up-regulation of HLA-DRα and the simultaneous down-regulation of human PXR can also be explained with the activation of the NF-κB pathway and subsequent upregulation of IRF-1 as a downstream event in the IL-1β and IL-6 pathways (Beyaert et al., 1996; Madrid et al., 2001; Kroger et al., 2002; Dunne and O'Neill, 2003; Lee et al., 2006; Zhou et al., 2006) . All of the mechanisms stated above are conceivable yet need to be demonstrated. Activation of NF-κB can also lead to the development of many pathological states involved in asthma as well as in chronic obstructive pulmonary disease (COPD) (Caramori et al., 2004) .
This research states the grounds for future studies that will lead the way to explain the effects of specific components in organic extracts of PM 2.5 from different areas of Puerto Rico, and also for a series of signal transduction experiments to elucidate the mechanisms by which specific components of airborne particulates may be involved. The identification of specific organic air pollutants on immune response could aid in the elucidation of the role of these compounds on the development of specific cardiovascular and respiratory diseases. High incidence of pulmonary illness in the Guaynabo's urban/industrialized areas correlates to the proximity of industrialized sources and air emissions (Loyo-Berrios et al., 2007) , as well as with the secretion of pro-inflammatory cytokines that we found to be induced by organic compounds in PM 2.5 from that same area. Secretion of IL-6 and IL-1β by bronchial epithelial cells in response to polar organic extracts from PM 2.5 could play an important role in the pulmonary inflammatory response. Any possible role that PXR and CYP3A5 may play in the detoxification of organic xenobiotics in PM 2.5 appears to be suppressed in the lung as a result of the triggered inflammation. The presence of these pro-inflammatory cytokines and the transcriptional induction of MHC-II suggest that organic extracts from PM 2.5 can induce BEAS-2B to trigger an immune response that could be an early step orchestrating pulmonary inflammation and leading to cardiopulmonary illness.
